INTRODUCTION
============

Prostate cancer (PCa) is the most frequently diagnosed male malignancy in most industrialized countries.[@B1] Recently, Asian countries, including Korea, have reported high PCa incidences and consequent mortality rates.[@B2] Epidemiological studies suggest that diets rich in natural ingredients (e.g., fruits and vegetables), such as those common in Asian countries, have the potential to protect against prostate cancer.[@B3] Western dietary habits, on the other hand, may contribute to increased prostate cancer morbidity and mortality.[@B4] Dietary factors have been associated with increased prostate cancer incidence, thereby leading to studies of dietary modification and supplementation to prevent and treat prostate cancer.[@B5],[@B6]

Several reports indicate that the cumulative production of reactive oxygen species through endogenous or exogenous insults (i.e., oxidative stress) may play an important role in carcinogenesis.[@B7],[@B8] Oxidative stress induces a cellular redox imbalance, which has been found in various cancer cells compared with normal cells, and may be related to oncogenic stimulation. DNA mutation is a critical step in carcinogenesis and elevated levels of oxidative DNA lesions have been noted in various tumors, strongly implicating such damage in the initiation of cancer.[@B7] Furthermore, aging results from a cellular imbalance in pro-oxidants and antioxidants.[@B9],[@B10] Antioxidant defense mechanisms, including reactive oxygen species (ROS) detoxification enzyme activity, decline with age,[@B11],[@B12] shifting redox balance towards an oxidative state.

Bostwick, et al.[@B8] evaluated the expression of antioxidant enzymes in prostate cancer tissue and found decreased expression and down-regulation of antioxidants in prostatic intraepithelial neoplasia (PIN) and prostate cancer compared with benign epithelium. There was a significant amount of cumulative oxidative DNA damage limited to the epithelium in PIN lesions and prostate cancer. Associations of aging with prostate cancer and oxidative stress show that aging-related radical-induced DNA damage is linked to prostate cancer.[@B13],[@B14]

These findings suggest that oxidative stress is an early event in carcinogenesis and a contributory risk factor for prostate cancer. Therefore, minimizing DNA damage by decreasing oxidative stress may prevent and treat prostate cancer.

The aforementioned epidemiologic results can be attributed, in part, to diets rich in natural ingredients, which have antioxidative potencies. Therefore recent approaches to control disease have used naturally occurring dietary substances. Previously, we identified the antioxidant and apoptosis-inducing effects of anthocyanins extracted from black soybean in prostate disease associated with oxidative stress.[@B15] We further showed that anthocyanin was a novel and potent antioxidant with diverse physiological activities. In this study, we found that anthocyanins extracted from black soybean induce apoptosis in a hormone refractory prostate cancer cell line and inhibit tumor growth in an athymic nude mouse xenograft model.

MATERIALS AND METHODS
=====================

Preparation of materials and cell culture
-----------------------------------------

The anthocyanin used in our experiments was extracted from the seed coat of black soybean and was supplied by the Rural Development Administration, Suwon, Republic of Korea. The anthocyanin was extracted and analyzed as previous described.[@B16] A normal prostate cell line, RWPE-1 (ATCC, Manassas, VA, USA) and an androgen-independent prostate cancer cell line, DU-145 (Korean Cell Line Bank, Seoul, Korea) were cultured in RPMI 1640 supplemented with 10% FBS, L-glutamine (300 mg/L), 25 mM HEPES, and 25 mM NaHCO~3~.

Cell viability assay
--------------------

Cell growth and viability were evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA) assay. RWPE-1 and DU-145 cells were seeded in 96-well plates (5×10^3^ cells per well in 100 mL). After growing for 24 h in RPMI-1640 medium, the cells were treated with various concentrations (0, 30, 60, or 120 µM) of anthocyanin for 24, 48, or 72 hours to evaluate the effect of the anthocyanin on cell viability. At the end of the treatment, the medium was removed and 0.5 mg·mL^-1^ of MTT was added to the medium. After 4 h, DMSO (200 mL) was added to each well and the optical density was read at 570 nm. Cell sensitivity to drug treatment was expressed as the drug concentration that yielded 50% cell inhibition (IC~50~). All experiments were performed in triplicate.

DNA laddering analysis
----------------------

DU-145 cells (5×10^5^ cells mL^-1^) treated with vehicle only or anthocyanin (60 or 120 µM for 24 or 48 hours) and were washed with PBS. Two hundred µL of binding/lysis buffer was added, the total volume was adjusted to 400 µL, and mixed. After incubating at 15-25℃ for 10 minutes, 100 µL of isopropanol was added, and shaken. The samples were added to a filter tube attached to a collection tube and centrifuged at 800 rpm for 1 minute. Washing buffer (500 µL) was added and centrifuged at 800 rpm for 1 minute twice, and a third time at 13000 rpm for 10 seconds. Elution buffer (100 µL) was added, and centrifuged at 800 rpm for 1 deminute. Finally, electrophoresis was performed on a 1% agarose gel at 75 V for 1.5 hours, and viewed under ultraviolet light. Apoptosis of transfected and control cells was confirmed by DNA laddering assay as described.[@B17]

Western blot analysis
---------------------

DU-145 cells (5×10^5^ cells mL^-1^) were treated with with vehicle only or anthocyanin (60 or 120 µM for 24 or 48 hours) were extracted by centrifuging at 2000 rpm, for 5 minutes at 4℃, and lysed with 100 µL of lysis buffer for 30 minutes at room temperature (RT). The supernatant was extracted, quantified using a bicinchonic acid assay (Pierce, Rockford, IL, USA), and electrophoresed on an SDS-PAGE gel. After transfering to a nitrocellulose membrane, the membrane was blocked with 5% skim milk and then incubated overnight at 4℃ with an anti-p53 antibody (1:1000; Abcam, Cambridge, UK), an anti-Bcl-2 antibody (1:1000; Abcam, Cambridge, UK), an anti-Bax antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) an anti-PSA antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), or an anti-AR antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Membranes were washed with TBS-T (TBS, 0.1% Tween 20) and secondary anti-mouse or anti-rabbit antibodies (Invitrogen Corporation, Paisley, UK) conjugated to horseradish peroxidase were added at RT for 1 h. To adjust for loading differences, membranes were reprobed with a β-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The blots were analyzed using a chemiluminescence detection system (GE Healthcare, Pittsburgh, PA, USA). Densitometric analyses were performed using Image J software (NIH, Bethesda, MD, USA).

NAD^+^/NADH quantification
--------------------------

Nicotinamide adenine dinucleotide (NAD^+^)/NADH ratio was quantitatively assessed by enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer\'s instructions (BioVision, Milpitas, CA, USA). Cells were pelleted in a micro-centrifuge tube and extracted with 400 µL of NADH/NAD^+^ extraction buffer by freeze/thaw two cycles or by homogenization. After centrifugation, the extracted NADH/NAD^+^ supernatant was transferred into a labeled tube. To detect total NADH (NADH and NAD^+^), 50 µL of extracted samples were transferred into labeled 96-well plate. To detect NADH, NAD^+^ needs to be decomposed before the reaction. Thus, to decompose NAD^+^, 200 µL aliquot of extracted samples were transferred to eppendorf tubes and heated to 60℃ for 30 min, and then samples were cooled on ice. The samples were spinned to remove precipitates if they occurred. Fifty µL of NAD^+^ decomposed samples were transferred to labeled 96-well plate. After the final color was developed with the addition of 10 µL NADH developer into each well, absorbance was measured at 450 nm.

*In vivo* tumor xenograft study
-------------------------------

The experimental animals were 6-week-old male BALB/c nude mice, weighing 18-22 g, provided by Samtaco Bio Co. (Osan, Korea). After a 1-week adjustment period, the animals were maintained in plastic cages, with 5 animals per cage. This study was approved by the Institutional Animal Care and Use Committee of the Catholic University of Korea, Seoul St. Mary\'s Hospital (IRB approval no. CUMC-2011-0026-02). Experimental animals were randomly allocated into 2 groups (control and anthocyanin), each consisting of 10 animals. Animal in the anthocyanin group were treated with daily oral anthocyanin (8 mg/kg), dissolved in 1 mL of distilled water and administered through an 8 F red Rob-Nel catheter once daily for 14 weeks. Animal in the control group received vehicle in the same manner and period as the experimental group. After 2 weeks of treatment, to establish tumor xenografts, DU-145 cells (2×10^6^) were suspended in 0.1 mL of medium and inoculated subcutaneously into the right flank of the mice in both groups. Body weights and tumor volumes were monitored twice weekly using calipers and calculated according to the formula (L×W^2^)/2, where L and W are the length and width, respectively.[@B18]

Statistical analysis
--------------------

All experiments were performed on 3 separate cultures. All data are presented as mean±standard deviation, where *p*\<0.05 is considered to be statistically significant. Overall comparisons between groups were performed using SPSS program (version 12.0, SPSS Inc., Chicago, IL, USA). Student\'s t-test and ANOVA followed by Tukey\'s test were needed to detect differences between groups in multiple comparisons.

RESULTS
=======

Anthocyanin inhibits the growth and induces apoptosis of DU-145 cells
---------------------------------------------------------------------

To evaluate the effect of anthocyanin on the viability of human DU-145 cells, we used an MTT assay. Anthocyanin treatment significantly inhibited cell growth in a dose-dependent manner at all time points tested (24, 48, and 72 hours) ([Fig. 1A](#F1){ref-type="fig"}). The IC50 value for anthocyanin at 24 hours after treating DU-145 cells was 60-90 µM. Whereas similar anthocyanin doses had insignificant effects on the viability of a normal prostate cell line, RWPE-1 ([Fig. 1B](#F1){ref-type="fig"}). To test whether the anthocyanin-mediated decrease in cell growth was due to apoptosis, we carried out a DNA laddering assay to assess the fragmentation of cellular DNA, a characteristic of apoptotic cells. Agarose gel electrophoreses of the total DNA isolated from DU-145 cells treated with specified anthocyanin concentrations (60 or 120 µM for 24 or 48 hours) showed the characteristic DNA laddering patterns ([Fig. 1C](#F1){ref-type="fig"}).

The effect of anthocyanin regulates p53, Bax, and Bcl-2 expressions in DU-145 cells
-----------------------------------------------------------------------------------

To elucidate the mechanism by which anthocyanin induces apoptosis in DU-145 cells, we next evaluated the effect of anthocyanin on the levels of apoptotic markers. Western blot analysis showed a significant increase in p53 expression in cells treated with anthocyanin ([Fig. 2A and E](#F2){ref-type="fig"}). We also observed that anthocyanin treatment significant decreased the level of Bcl-2 protein with a concomitant increase in Bax protein ([Fig. 2A, B, and C](#F2){ref-type="fig"}). These changes substantially increased the Bax/Bcl-2 ratio ([Fig. 2D](#F2){ref-type="fig"}), which favors apoptosis, suggesting that the change in p53 and Bax/Bcl-2 ratio following anthocyanin treatment might trigger apoptosis.

The effect of anthocyanin on PSA production and androgen receptor expression in DU-145 cells
--------------------------------------------------------------------------------------------

To determine the effects of anthocyanin on AR expression, a critical target for treating prostate cancer, and on PSA production, a western blot analysis was performed on DU-145 cells treated with specified anthocyanin concentration. AR and PSA were constitutively expressed in untreated DU-145 cells. However, PSA levels were considerably reduced in anthocyanin-treated cells compared to controls ([Fig. 3A and B](#F3){ref-type="fig"}). Similar to PSA, AR expression was decreased in cells treated with anthocyanin ([Fig. 3A and C](#F3){ref-type="fig"}).

The effect of anthocyanin on the ratio of NAD^+^ to NADH in DU-145 cells
------------------------------------------------------------------------

The effect of anthocyanin on the cellular NAD^+^/NADH ratio in DU-145 cells was quantitatively assessed by ELISA. NAD^+^/NADH ratio in DU-145 cells were 1.684±0.406, 3.177±0.351, and 2.069±0.311 in the control, and treated with 60 or 120 µM for 24 or 48 hours, respectively. As shown in [Fig. 4](#F4){ref-type="fig"}, NAD^+^/NADH ratio was genrally increased after anthocyanin treatment. A significant increase in NAD^+^/NADH ratio was found in the 120 µM-treated for 24 and 48 hours groups compared to the control group (*p*\<0.05).

Anthocyanin inhibits the growth of DU-145 xenografts in nude mice
-----------------------------------------------------------------

To study the inhibitory effects of anthocyanin on tumor growth *in vivo*, DU-145 tumor xenografts were established in athymic nude mice. The animals did not exhibit any considerable changes in body weight during the experiment. The *in vivo* anti-tumorigenic effects of anthocyanin were analyzed every 4 weeks for a total of 12 weeks. At 4 weeks post-inoculation, the initial detection time and average tumor volume did not differ significantly between the 2 groups. At 8 weeks postinoculation, however, the average tumor volume in vehicle-treated mice increased, reaching 317.3 mm^3^. At 8 weeks, the average tumor volume was only 119.5 mm^3^ in mice treated with anthocyanin. At 12 weeks post-inoculation, the average tumor volume in the control group increased to 831.3 mm^3^, while the anthocyanin group grew to 288.4 mm^3^ ([Fig. 5](#F5){ref-type="fig"}). In addition, one mouse in the control group died. The differences in tumor development between anthocyanin- and vehicle-treated mice were statistically significant at 8 and 12 weeks post-inoculation (*p*\<0.01) ([Fig. 5](#F5){ref-type="fig"}).

DISCUSSION
==========

Several reports[@B8],[@B13],[@B14] suggest that oxidative stress is an early event in carcinogenesis and contributory risk factor for developing prostate cancer. Therefore, we used a powerful antioxidant agent, anthocyanin, and examined its effects on DU-145 prostate cancer cells and a xenograft tumor model.

The main findings of the present study were as follows: 1) anthocyanin treatment induced apoptosis of DU-145 cells through cell cycle arrest, which was accompanied by changes in p53, Bax, and Bcl-2 expressions with increased NAD^+^/ NADH ratio; 2) anthocyanin treatment decreased PSA and AR expressions in DU-145 cells; 3) anthocyanin treatment inhibited the growth of DU-145 xenografts in nude mice, confirming the inhibitory effects of anthocyanin on tumor growth *in vivo*. These changes in apoptosis and related factors *in vitro* are in accordance with the inhibitory effect of anthocyanin on the growth of xenograft tumor created by inoculation of DU-145 cells.

Therefore, anthocyanin may represent a promising agent for treating pathogeneses that result from oxidative stress. To further elucidate the mechanism and target molecules of anthocyanin, we evaluated the apoptosis pathways. Two important groups of proteins involved in apoptotic cell death are the Bcl-2 family members[@B19] and caspases.[@B20] The Bcl-2 family can be classified into 2 functionally distinct groups: Bcl-2, an anti-apoptotic protein, and Bax, a pro-apoptotic protein. Bcl-2 encodes a 26 kD protein that potently blocks apoptosis.[@B21] Therefore, Bcl-2 affects neoplastic cell proliferation by preventing apoptosis.[@B21],[@B22] Bcl-2 is highly expressed in androgen-independent prostate cancer, but it is not strongly expressed in normal human prostate tissue.[@B23],[@B24] On the other hand, Bax promotes apoptosis:[@B25] Bax heterodimerizes with Bcl-2 and neutralize its apoptotic effects. When Bax is overexpressed, apoptotic death signals increase. When Bcl-2 is overexpressed, it heterodimerizes with Bax, and death signals decrease. Thus, the ratio of Bax to Bcl-2 determines a cell\'s susceptibility to apoptosis.[@B25],[@B26] Indeed, previous studies showed that increased Bax expression or decreased Bcl-2 expression induced apoptosis in several prostate cancer cell lines, such as DU-145, PC-3, and LNCaP cells,[@B27],[@B28],[@B29],[@B30] suggesting that controlling of Bax and Bcl-2 expression is a promising approach for treating prostate cancers.

The Bax/Bcl-2 ratio can be altered by p53, \"the guardian of the genome,\" which is a tumor suppressor protein that initiates apoptosis in cells with DNA damage.[@B31],[@B32] p53 might initiate apoptosis by directly altering the transcriptional activity of the Bax gene. This tumor suppressor binds to the Bax gene promoter and directly activates Bax transcription. Thus, p53 is an upstream regulator of Bax.

Our data showed that anthocyanin treatment of DU-145 cells 1) down-regulated Bcl-2 protein levels and 2) up-regulated Bax levels, which significantly increased the Bax/Bcl-2 ratio, with a concomitant increase in p53 expression. These apoptosis induction was accompanied with increased NAD^+^/NADH ratio, thus, antioxidant effect of anthocyanin could play a role in inducing apoptosis, suggesting that anthocyanin induced apoptosis of DU-145 cells by up-regulating p53, which modulated the Bax/Bcl-2 ratio. Recently, several studies reported that anthocyanin-induced apoptosis depends on upstream activation of MAPK and JNK pathways (caspase dependent and caspase-independent).[@B33],[@B34] Therefore, further studies are necessary to explore the involvement of apoptosis-related proteins and pathways after anthocyanin treatment.

Although androgen blockade treatment is effective for prostate cancer, it\'s antitumor effects can be temporary; the castration-sensitive phenotype will convert to a castration-resistant phenotype. Although defined as castration-resistant, androgen signaling through AR plays an important role in the development of androgen-resistant prostate cancer. This cancer may develop through constitutive AR activation (through gene amplification,[@B35] alternative splicing,[@B36] or an AR-activating gene mutation[@B37]), intratumoral androgen production, AR promiscuity, or downstream target activation by dysregulation of transcription factors.[@B38] Reducing AR expression may represent an attractive approach to targeting androgen signaling in androgen-resistant prostate cancer. Recently, reduced AR signaling by the use of synthetic siRNA, AR antisense, geldanamycin analogs, and selective AR modulators, which demonstrated that downregulation On AR expression was sufficient to slow prostate tumor growth and induce apoptosis.[@B39],[@B40],[@B41],[@B42]

In this study, we demonstrated that anthocyanin decreased AR expression along with inducing apoptosis in DU-145 cells *in vitro*. This *in vitro* effect correlated well with growth inhibition *in vivo* in a DU-145 xenograft model. A significant increase in the Bax/Bcl-2 ratio with a concomitant increase of p53 expression in anthocyanine-treated DU-145 cells is very similar to molecular mechanism involved in the xenograft model.

This study is the first to demonstrate that anthocyanin extracted from black soybean can inhibit and suppress prostate cancer progression *in vitro* and in a xenograft model. The initial and important step of prostate cancer development is DNA damage by oxidative stress. Therefore, we hypothesize that administering anthocyanin, which has a strong antioxidant effect, will inhibit prostate cancer progression. To go one step further to clinical application, future work should establish the relevance of *in vitro* findings to *in vivo* situation. In the present study, we observed that anthocyanin significantly reduced tumor growth of DU-145 cells xenograft. However, to examine the actual effect, we must confirm relevant effect in orthotopic prostate cancer model, in which the immune suppressed mice are implanted with prostate cancer cells directly into prostate. These *in vivo* growth inhibitory effects of anthocyanin should be correlated well with the induction of apoptosis and inhibition of known biomarkers (prostate specific antigen). In addition, toxicity tests are necessary to determine clinical usefulness.
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